The lubrication of the cartilaginous structures in human joints is provided by a fluid from a specialized layer of cells at the surface of a delicate tissue called the synovial lining. Little is known about the characteristics of the fluids produced after a joint arthroplasty procedure. A literature review was carried out to identify papers that characterized the synovial lining and the synovial fluids formed after total hip or knee arthroplasty. Five papers about synovial lining histology and six papers about the lubricating properties of the fluids were identified. The cells making up the re-formed synovial lining, as well as the lining of interface membranes, were similar to the typical Type A and B synoviocytes of normal joints. The synovial fluids around joint replacement devices were typically lower in viscosity than pre-arthroplasty fluids but the protein concentration and phospholipid concentrations tended to be comparable, suggesting that the lining tissue function was preserved after arthroplasty. The widespread, long-term success of joint arthroplasty suggests that the lubricant formed from implanted joint synovium is adequate for good clinical performance in the majority of joints. The role the fluid plays in component wear or failure is a topic for future study.
Introduction

Synovial Tissue
An appreciation of the microanatomy of the lining tissues of the human articular joints is important to the understanding of the clinical performance of joint replacement devices used to restore function to degenerative and painful joints. For the normal cartilage-capped articular joint, lubrication of the bony, cartilaginous, ligamentous, and fibrous tissue structures is provided by a fluid produced from a specialized layer of cells found at the surface of a delicate tissue called the synovial lining (from ovum or egg, because of the similarity with egg white). This synovial tissue is composed of specialized layers of cells starting at the outermost (joint-facing) level with the intima, which overlies a vascular subintimal layer, and is supported by a fibrous stroma forming the joint capsule [1] [2] [3] . Of note, there is a wide range of variability in the thickness of the intimal and subintimal layers, the degree of continuity and cellularity of the intima and the presence of folds and villi (finger-like projections) depending upon numerous factors including the health of the joint, the age of the host, and the location of the sample within the joint.
The synovial tissue has been described as "controlling the environment of the joint" [4] . It does this by participating in immune reactions to bacteria, phagocytosis (removal of detritus material), lubrication, and cartilage nutrition [1, 5] . In young, healthy synovium, the 1-2 cell thick intimal layer is composed of macrophage-like type A cells which are mainly phagocytic and absorptive in nature, and fibroblast-like type B cells which are secretory in nature [1, 2, [6] [7] [8] [9] [10] [11] . This intimal layer shows low degree of cell division, suggesting that many of the lining cells migrate to the synovial surface from underlying blood vessels and that they are bone-marrow-derived cells [12] . The synovial tissue is able to respond quickly to injury or disuse. The changes can include thickening of the intimal layer, increased vascularity and inflammatory cell infiltration of the subsynovial layer, and the formation of multiple finger-like projections (villi) into the joint. The synovial tissue of an aged individual with osteoarthritis will look very different grossly and microscopically from that of a healthy young individual.
The surgical removal of chronically inflamed synovial tissue from arthritic, tuberculoid or traumatized joints was once a common orthopaedic procedure; fortunately, the synovial tissue can regenerate [13, 14] . It is this regenerative capacity that allows implanted artificial joints to be lubricated despite surgical removal or damage to the synovial tissues. The microanatomy of the re-formed joint lining tissue and the quality of the lubricating fluid that it produces are the subjects of the present review.
Following joint replacement surgery, in addition to the regeneration of the lining of the joint capsule, membranes that form between the bone and the cement, or bone and implant (known as the interface) often show a synovium-like microstructure (so-called pseudo-synovial linings) [15] [16] [17] [18] [19] . It has been suggested that motion at the interface induces the production of this specialized tissue because it was observed in association with loose implants [20, 21] . More recently, it has been shown that one of the constituents of synovial fluid, hyaluronan (also referred as hyaluronic acid), can induce the synovial-like interface membrane features [22] . A synovial-like membrane can be produced in the rat or mouse dorsal air pouch by disrupting the subcutaneous connective tissue by repeated injection of air [23] . The resulting cavity develops a lining structure as early as six days which has many features of a synovial lining, including the production of fluid, and this has become a useful experimental model of the periprosthetic tissue [23] [24] [25] .
Synovial Fluid
The lubrication for the natural joint is provided by a small amount of viscous fluid consisting of mainly hyaluronic acid, proteins and other factors such as lubricin and surface-active phospholipid (SAPL) that allow for effective gliding of the joints [26] . As with the tissue, the characteristics and properties of the fluid vary considerably as the result of joint health, injury status and other host factors such as inflammation and hypersensitivity. Injury to the joint may result in an abundance of fluid (a joint effusion), distension of the tissues and interruption of the normal functions of the synovial tissue [13] . Under normal biological conditions, the coefficient of friction is only 0.001 to 0.006 and wear is nearly zero because of the special tribologic properties of cartilage and synovial fluid [27] . Boundary lubrication is thought to be provided by surface-active phospholipid (SAPL) complexed with lubricin and hyaluronic acid, which allows for load-bearing capacities for the joint [28, 29] . Lubricin, a component found to be plentiful in synovial fluid, is thought to be the lubricating molecule that facilitates the gliding motion of joints [30] . Lubricin may be a carrier of surface-active phospholipids because the SAPL are super hydrophobic and adsorb to the joint surfaces. Hyaluronic acid (HA), found abundantly in synovial fluid, while providing a lubrication effect, does not provide the load-bearing capabilities for joints [31] . Instead, the HA portion is thought to maintain the viscosity of the synovial fluid [32] [33] [34] and facilitate the formation of lipid multilayers on the lubricating surface by complexing with phospholipids, providing lubrication at the joint [35] . The purpose of this review was to examine the state of knowledge regarding the changes that occur in the synovial lining and lubrication properties of the surrounding fluid after implantation of a total joint prosthesis. This review will (1) summarize the characteristics of the synovial lining tissue histomorphology and (2) the composition of synovial fluid from published studies.
Methods
Synovial Lining Papers
A review of PubMed-and Embase-indexed studies up to November 2014 was carried out to identify studies regarding the histological characterization of the synovial lining of joints following total hip or knee replacement (hereafter called implanted tissue). This electronic search was supplemented by a manual search of the reference lists of the included papers. Conference proceedings, single case studies, and reviews were not included in the search and only studies in English language were included. Search strings included various combinations of the terms "synovium OR synovial lining OR synovial-like membrane OR interface membrane OR synovial lining cells OR synovitis OR intima, arthroplasty OR implant OR implanted, histological OR histology, and morphology OR morphological." Articles of interest were selected if detailed histomorphological characterization of the synovial lining or the interface membrane was performed and described. Articles were excluded for the following reasons: in vitro studies, animal studies, studies involving infection or rheumatoid arthritis exclusively, non-retrieval studies, and non-arthroplasty related studies. Articles that focused on the changes of the subintimal layers due to wear debris, but without describing the intima, were excluded from final selection. The resulting potential studies were reviewed, summarized, and critically evaluated (Figure 1 ).
Five articles were selected which reported the histological characterization of a synovial lining or a synovial-like membrane from implanted tissue and evaluated various bearing material combinations. Tissue specimens from a total of 173 patients were histologically examined and the morphology of the intimal layer was characterized in detail. Immunohistochemistry was performed using monoclonal and polyclonal antibodies to identify the cell subsets or the presence of prostaglandins, fibronectin, and other factors produced by the lining cells. All papers involved retrospective studies from implanted tissue. A summary of the overall findings of each selected article are presented in Tables 1 and 2 . Goldring et al. The model shows that if the cup of an implant is made of a material with good conductivity, heat will be transferred away from the synovial fluid, capsule and stem towards the acetabular bone. THA = total hip arthroplasty, TKA = Total Knee Arthroplasty, MS = Mass spectrometry, FTIR = Fourier transform infrared spectroscopy, AC = aluminum oxide ceramic, PE = polyethylene, SF = synovial fluid, (PLPC) = Palmitoyl-linoleoyl-phosphatidylcholine, POPC = Palmitoyl-oleoyl-phosphatidylcholine, SLPC = Stearoyl-linoleoyl-phosphatidylcholine (SLPC).
Synovial Lubrication Papers
A review of PubMed studies from the time period of 2000 through 2014 was performed to find papers relevant to the lubrication characteristics of synovial fluid (SF) after joint arthroplasty. Search strings included "Synovial Fluid AND Prosthetic (136 results), Synovial Fluid AND Arthroplasty (391 results), Synovial Fluid AND Implant (91 results) and Synovial Fluid AND Revision (132 results)" for a total of 750 articles. The article titles and abstracts were examined and papers were excluded for the following reasons: SF analysis of biomarkers for periprosthetic infections, ion/cytokine/particle/cell levels, arthritic joint analysis before arthroplasty only, in vitro studies, pain only, wear/friction only, animal studies, case studies, literature reviews, and surgical procedure and imaging studies only (Figure 2 ). Six suitable papers were selected. Of these papers, four dealt specifically with the composition of the synovial fluid and the role this had on lubrication, while two discussed the role of increased temperature on lubricating protein degradation.
Results
Synovial Lining Characterization
Very few papers specifically described the histomorphology of the synovial intima in the periprosthetic capsular tissues and four of the five selected studies described the synovial-like membranes at interfaces. A common finding from those four studies of a synovial-like membrane at the bone-implant or bone-cement interface was the close resemblance to the true synovial lining membrane in cellular structure and cell type within the surface layer of excised implanted tissue. A range of histological presentations was also noted in each study, which was more pronounced in the implanted tissues compared with non-implanted tissues.
The study by Goldring et al. [17] was the first which characterized the new membrane that formed at the bone-cement interface into three distinct histological zones: (1) a synovial-like layer of lining cells at the cement surface; (2) sheets of histiocytes and giant cells in the subintima; and (3) a fibrous layer that blended into the bone and becomes continuous with the adjacent bone marrow. The membrane was lined with large polygonal cells, often with nuclei pointing away from the surface and a coating of fibrin around the surface. Cytoplasm was abundant and the nuclei were oval dark and uniform. Occasionally, multinucleated giant cells appeared within the lining cells. In a later study of prosthetic loosening after total hip arthroplasty, Goldring et al. confirmed the presence of a synovial-like lining with the same morphology in lining tissues adjacent to the implant [16] . Tissue cultures from implanted specimens showed three distinct cell types identified as stellate or dendritic cells, macrophage-like cells with phagocytosed latex or India-ink particles, and elongated fibroblast-like cells.
In a comparison of tissues from cemented, press-fit and biologic ingrowth prostheses revised due to aseptic loosening, Lennox et al. [19] described variations in the histomorphology and described three types of lining tissues. Type 1 linings comprised large, rounded or teardrop-shaped cells that were 1-3 cell layers thick. Type 2 membranes were composed of weakly stained collagenous matrix containing large dendritic-shaped cells with eccentrically located nuclei and long cellular processes extending toward the surface. Type 3 surfaces consisted of thick collagen fibers oriented perpendicular to the surface. All three surfaces were present on interface membranes from cemented, press-fit, and biologic ingrowth prostheses.
Lalor and Revell [18] compared the interface membrane of implanted tissue excised during revision surgery to normal synovium and rheumatoid arthritis tissue controls. They found that the new interface tissue had a layer of cells adjacent to the implant similar in appearance to normal synovial intima. This surface layer varied in thickness from 1 to 10 cells deep in a palisading structure, depending on each case and sample. Antibody staining for macrophage-like type A cells and fibroblast-like B cells was positive in the implanted tissue and showed the intermixing of the two cell types within the lining, similar to unimplanted tissue. Unlike the normal synovial lining and rheumatoid arthritis control tissues, separate distinct layers of macrophages and deeper fibroblasts were not seen in the implanted tissues, which could be because of the abundant macrophage infiltration of the subintimal area in response to wear debris.
In another comparison study of non-implanted and implanted tissues by Burkandt et al. [15] immunohistochemical staining was used to compare tissues from patients with low and high grade synovitis (inflammation), metal or polyethylene (PE) wear particle-induced synovitis and proliferative desquamative synovitis (associated with suspected metal hypersensitivity). The authors reasoned that, since proliferation of the synovial lining cell layer is a characteristic feature of autoimmune joint diseases, morphological changes of the synovial lining in periprosthetic tissues may indicate the presence of an immune response. The intimal lining of the PE wear particle-induced synovitis group was 1-2 cells thick, comparable to the unimplanted low grade synovitis group. By contrast the tissue from the high grade unimplanted synovitis tissue lining was five or more cells thick while the tissues from two metal-on-metal cases with extensive metal wear particle staining had a denuded cellular lining. The tissues from five cases with suspected metal hypersensitivity had a proliferating, viable synovial lining containing abundant fibroblast-like cells. Interestingly, the subsynovial layer of those tissues contained lymphocytes, an immune cell that was only seen in the high-grade rheumatoid synovitis tissues but not in the PE hip tissues. The authors suggested that the morphological similarities between tissues from patients revised for suspected metal hypersensitivity and patients with rheumatoid arthritis adds to the evidence that metal hypersensitivity shares characteristic morphological features with autoimmune diseases of the joints. Figure 3 shows light micrographs of synovial tissue from an osteoarthritic joint prior to metal-on-polyethylene joint replacement ( Figure 3A) and then following revision of that joint replacement ( Figure 3B ) in the same patient. Microscopic examination of both pre-and post-revision specimens in this patient shows an intimal/synovial lining with an underlying, non-specific, lymphoplasmacytic, chronic inflammatory infiltrate adjacent to, or centered around blood vessels. The post-revision specimen displays a denser collagenous subintimal layer ( Figure 3B ). Also present in the post-revision tissues are fragments of polarizable polyethylene with accompanying chronic inflammation including foreign body giant cells ( Figure 3C ). 
Synovial Fluid Properties
There is a large amount of information on the topic of synovial fluid properties and there is also a substantial body of literature on the tribology of artificial prosthetic joints. One review and analysis of the last decade of literature reiterated the complex nature of SF as a lubricant in both natural and artificial joints [42] . Two major mechanisms are theorized to play a role in both natural and artificial joints; boundary lubrication and fluid film lubrication. Macromolecules within the synovial fluid play a key role in both forms of lubrication. Another important mechanism of lubrication not addressed by the articles presented in this review is the theory of self-pressurized hydrostatic lubrication or biphasic lubrication. Cartilage has a biphasic nature in which a porous elastic matrix is infiltrated by interstitial fluid [43] . As the interstitial fluid is forced to flow through the permeable matrix a pressure gradient develops. The cartilage interstitial water supports most of the joint contact load. Pressurization of this fluid shifts most of the contact load away from the collagen-proteoglycan matrix resulting in a stress shielding effect and a low friction coefficient [43, 44] . It should also be noted that with articulating cartilage and soft tissue, fluid pressurization is another distinct mechanism, besides boundary and fluid film lubrication, which is important. However, this review showed that there is little information about the characteristics of the fluid lubricating prosthetic joints or how alterations in implanted synovial tissue affect lubricant production, composition or efficiency.
In a study by Costa et al. [36] the constituents of synovial fluids that had been absorbed into the surfaces of ten revised PE hip implants (5 ethylene oxide/5 gamma ray sterilized in air) that were implanted for degenerative arthritis and replaced because of aseptic failure after 6-23 years were characterized. These products were extracted with cyclohexane then examined by mass spectrophotometry and Fourier transform infrared (FTIR) analysis was performed on the cross sections of the implants. Methyl esters of hexadecanoic and octadecanoic acids, of squalene, and of cholesterol were found in the extracts and a protein-like material was found on the surface of the implants. The diffusion of these molecules was postulated to cause the semi-crystalline polymer to become plasticized, especially at the surface where the greatest amount of absorbed material was found. This could cause changes to the ultimate tensile strength and ultimate elongation of the polymer, which could lead to a softer surface and decreased resistance to abrasion. The authors noted that accelerated simulated artificial joint testing may not allow time for the adsorption of synovial fluid constituents.
Joint fluid flow properties likely play an important role in fluid-film lubrication. A study by Mazzucco et al. [37] examined the flow properties of synovial fluid at the time of total knee arthroplasty (TKA) and at revision. Fifty-eight samples were obtained from patients undergoing index TKA surgery for osteoarthritis, 19 from revision TKA in other patients and two samples from aspirated effused joints that had undergone previous TKA. The volume of 22 samples from TKA, and five from revision TKA were insufficient for testing. Of the 14 samples from revision TKA, seven were revised because of wear and seven for mechanical problems not specific to wear. The average age of the tested patients was 70 years old (42 to 89 years). Synovial fluid at revision had lower viscosity in comparison to fluid at index TKA, which was more often within the normal range. However, the difference was not found to be statistically significant by the authors. There was variation in terms of viscosity in both pre-and post-revision groups and viscosity in both was decreased compared to synovial fluid from healthy young individuals. The authors suggested that, since hyaluronic acid (HA) is considered the major component of SF that affects its viscosity, the addition of HA to the lubricants used in joint simulation studies could provide an artificial joint fluid with viscosity more similar to natural SF. Previous studies performed on animals [45] have shown decreased HA concentrations after joint replacement which may explain the observations in these revision fluids.
Having explored fluid-film lubrication previously, Mazzucco et al. [38] explored the correlation of certain molecules associated with boundary lubrication and their association with flow properties. These boundary lubricants included phospholipids and proteins that passively diffuse through the joint capsule to reach the synovial fluid via filtration, and lubricin and superficial zone proteins (SZP) that are actively secreted into the joint fluid by synoviocytes. One hundred joint fluid samples were obtained, 77 from patients undergoing TKA for osteoarthritis (except 1 from post-traumatic arthritis), 20 from revision TKA, and 3 samples from aspirated effused joints that had previously undergone TKA. However, the majority of the samples (69) were insufficient in volume for analysis. Of the 14 revision samples examined, 10 were revised for wear related osteolysis and 4 for non-wear specific mechanical problems. A positive correlation was found between protein concentration and phospholipid concentration in pre and post-TKA synovial fluid. This indicated that the joint capsule functioned the same as before surgery and allowed diffusion of these macromolecules from interstitial fluid to the joint SF. A negative correlation was seen between these two components of SF and hyaluronic acid i.e., when HA levels were low, protein and phospholipids were high, or when HA levels were high, protein and phospholipids were low. The authors offered two explanations for this. One was that when HA was low, the synovial membrane could compensate by allowing increased entry of proteins into the synovial fluid. Another explanation was that when protein content was high synoviocytes down-regulate production of HA. Seemingly the ability of the joint capsule to synthesize SF components and regulate macromolecule filtration is linked to one another. These findings were found in both pre and post-TKA specimens.
The surface-active phospholipids (SAPLs) in lubricin are believed to play an important role in boundary lubrication and analyzing the surfaces of revised implants for their presence was performed by Gale et al. [39] . The bearing surfaces of 38 revised total hips and 2 total knees, all with metal-on-polyethylene bearings were rinsed and analyzed by HPLC for phospholipids. In total eight different species of phosphatidylcholines were identified by the study. Palmitoyl linoleoyl phosphatidylcholine palmitoyl oleoyl phosphatidylcholine and stearoyl linoleoyl phosphatidylcholine were identified as the phospholipids most likely responsible for boundary lubrication. The authors recommended that a combination of saturated and unsaturated phosphatidylcholines be added to joint simulator lubricants to produce an artificial joint fluid that more closely simulated the boundary lubrication properties of normal SF.
In a novel study using an instrumented total hip prosthesis with a metal-on-polyethylene bearing, Bergmann et al. [40] measured the temperature resulting from friction at the bearing surfaces caused by walking and other physical activities. In part 1 of the study, temperatures inside two types of telemeterized hip prostheses were recorded at 9 locations along the prosthesis length. The implant comprised a titanium shaft, aluminum oxide ceramic head and a polyethylene cup. This non-cemented prosthesis was used in 4 patients, one of which has a second contralateral instrumented implant with a ceramic cup. Steady state temperatures were reached after 60 min of walking. The temperatures often rose above the critical level (42 °C) needed to cause synovial fluid protein degradation and precipitation. The joint fluid components lost to precipitation could result in decreased lubrication properties.
The authors noted that the volume of the synovial fluid and its lubricating function play a large role in the generation of heat in the active joint. If the acetabular cup material has good conductivity such as ceramic and metal, it would facilitate transfer of heat to the acetabular bone and away from the synovial fluid, capsule, and stem. The same is true of the stem, where a good heat conducting material like cobalt chromium alloy transfers heat away from the femoral head to the colder part of the implant. The authors suggested that an implant with better head and cup separation during the swing phase of walking would allow for better lubrication and heat dissipation. Bergmann et al. [41] noted that if hip simulators use a constant controlled temperature of 37 °C, such conditions may not mimic the rising and falling temperatures related to variable levels of in vivo joint activity.
Discussion
The purpose of this review of the literature was to examine (1) what is known about the synovial lining tissue histomorphology and (2) the composition of synovial fluid in joints following implantation of prosthetic implants.
Specifically, the primary focus of this review was to find papers in which the intimal layer of the synovial lining was characterized because type A and type B synoviocytes reside there, and they are the cells that contribute to the lubrication properties of the joint. Therefore, stringent criteria were set in our search for articles of interest. Many key implant retrieval articles described changes in the synovial tissue in general but were excluded because they focused on the subintimal layer and the inflammatory responses due to wear debris. Of note, several studies of the histological features of tissues from metal-on-metal total hips have reported the partial or complete loss of the synovial lining cells and their replacement by fibrin or by necrotic tissue [46] [47] [48] [49] [50] . How this might affect the lubrication of those bearings has not been addressed. In addition, many papers described the synovial lining in great detail but were excluded because the studies were focused on tissues excised from arthritic or diseased joints, not implanted joints [1] [2] [3] 51] .
The membranes that form at the interfaces of implants have been consistently described as resembling the normal synovial lining. With immunohistochemical methods, implanted synovial-like membrane cells tested positive for macrophage-like and fibroblast-like markers [15] [16] [17] [18] [19] . These findings imply that the formation of an interfacial membrane after implantation is a natural response to the influence of micromotion or from chemical mediators such as hyaluronic acid. The similarity in the intimal cell types and arrangement in membranes and joint linings has led to the conclusion that these tissues are likely to be capable of inflammatory cytokine production leading to bone loss and local tissue damage in the same way that the rheumatoid synovial pannus is responsible for local tissue destruction [17] .
Under conditions of osteoarthritis and rheumatoid arthritis, synovitis is present and the increase in cell layer thickness, the excess of synoviocytes and increased fluid production are thought to contribute to the destruction of articular cartilage, and the formation of bone cysts. The thickening of fibrotic tissue in the synovial lining and dense cellular infiltrates of lymphocytes and monocytes are common morphological observations of the diseased synovium [52] . These changes in the synovial lining structure may transform the natural lubrication properties of the synovial fluid after joint replacement surgery. Delecrin et al. found that the level of total synovial fluid after total arthroplasty increased in a rabbit model, but the level of hyaluronic acid remained significantly lower than the internal controls [45] and the decrease in HA after implantation was found to be similar in humans as well [53] .
For the selection of papers describing or characterizing implanted joint fluids, we excluded a large number of articles that focused on clinical management, synovial biomarkers, in vitro simulation studies and others that mentioned synovial fluid but not from the implanted joint. This left only a handful of studies of synovial fluids after arthroplasty. These studies reported that even though post-implantation SF properties are similar to pre-arthroplasty SF properties in some regards, significant alterations in composition and properties exist after arthroplasty surgery. Phospholipid overall contribution to boundary lubrications still remains unclear. Initial studies into its role utilized phospholipases, but it appears these early studies were contaminated with low levels of proteolytic enzymes. Later studies with proteolytic inhibitors did not show this increase in friction after phospholipase digestion. Studies performed in vivo in rabbits, however, have shown a reduced coefficient of frictions when DPPC liposomes and hyaluronic acid were delivered via intraarticular injections to damaged joints in comparison to only hyaluronic acid injections [54] . Studies have found that hyaluronic acid plays a key role in fluid film lubrication and the viscosity of the synovial fluid. Decreased production of HA by type B synoviocytes could explain the decreased viscosity in post arthroplasty fluid and a reciprocal increase of joint wear [37, 38] . Lubricin has previously been identified as a key protein in boundary lubrication [55] . The role of species other than HA and lubricin, such as the various phosphatidylcholines, in post arthroplasty lubrication should be explored in future studies as they may have significance in boundary lubrication. These include hexadecanoic acid, octadecanoic acids, squalene, and cholesterol. [36] These proteins adsorb at the cobalt chromium surface to form thin, discontinuous deposited films in vitro. Because increasing protein content increases film thickness and can be directly correlated with femoral head wear, it seems likely that patient SF chemistry plays an important role in lubrication [56] . The choice of the optimal implant bearing materials for a given patient may, in future, be based on a better understanding of this individual SF chemistry.
One of the themes throughout the small number of studies characterizing post arthroplasty lubricants was the comparison with artificial joint simulator lubricants. Joint simulator studies have been performed for decades but there are often large differences between labs in the properties of the lubricants used to conduct the tests [42, [57] [58] [59] . The conditions that these simulations are run under also differ markedly from joint function in vivo including the volume and temperature of the fluids. Several authors noted that artificial lubricant differs from post arthroplasty synovial fluid in many regards and suggested ways that this could be improved. For example, supplementation of hyaluronic acid, and a mixture of saturated and unsaturated phosphatidylcholine could lead to an artificial synovial fluid with properties more similarly seen in vivo. Brandt et al. suggest the addition of hyaluronic acid and phosphate-buffered saline to alpha-calf serum to be essential constituents in artificial lubricants [60] . Running the simulators with temperatures measured in vivo and for a longer duration could lead to tribological conditions that more closely resemble what an artificial joint experiences in the body [40] .
In addition, higher serum degradation and larger wear particles were observed with smaller fluid volumes used for testing [61] . Despite the differences between in vitro and in vivo joint lubrication, the overall success of joint replacement components shows that the fundamental requirements for clinical use have been met.
Conclusions
There was a surprising lack of studies on implanted synovial tissue and the lubricating fluid it produces, although that tissue presumably plays an important role in the tribology and success of joint arthroplasty. The synovial lining tissue regenerates after implantation and produces a lubricating fluid that is sufficient in volume and lubricating constituents to allow the majority of joint replacements to function successfully, possibly for decades. The exact conditions for well-functioning implants are unclear; however, preserving the integrity of the joint including the synovial lining and natural lubricating fluid properties for joint arthroplasty may be key to successful implant survivorship. Whether the degree of implant wear or if some cases of failure can be attributed to any synovial tissue or lubricant deficiency are questions that remain to be answered and warrant future investigation.
